IMPORTANCE Acanthamoeba keratitis is a debilitating eye disease that requires effective topical drug therapy. Currently, there is no standard in vitro test to evaluate anti-Acanthamoeba drugs.
A canthamoeba keratitis is a sight-threatening infection causing progressive corneal disease that can be difficult to treat and that can lead to corneal transplant. The infection is caused by free-living Acanthamoeba species, which are ubiquitous in the environment. Acanthamoeba keratitis is more prevalent among individuals who wear soft contact lenses, with an estimate of 1 to 2 cases per 1 000 000 contact lens wearers in the United States. 1, 2 An outbreak in the United States in 2007 has put more emphasis on the treatment of Acanthamoeba keratitis. 3 Under adverse conditions, the amoebae encyst, and medical therapy is often less effective against cysts than against trophozoites. In recent years, several medications have been used for the treatment of Acanthamoeba keratitis; however, success in eradicating the organism varies widely. [4] [5] [6] [7] [8] The reason for this variation is not clear and could be dependent on the individual species, its resistance to certain drugs, host immunity, or the effectiveness of the medication itself. Currently, there is no standard in vitro testing to guide therapy, and the decision is left to the clinician to choose from a variety of available medications. In addition, there is no practical in vitro test to screen new potential anti-Acanthamoeba compounds for therapy, or to screen contact solutions to ensure disinfection against Acanthamoeba contamination.
9,10
The primary goal of our study was to establish a practical in vitro test to evaluate the efficacy of 4 anti-Acanthamoeba drugs (polyhexamethylene biguanide [PHMB], 0.02%; chlorhexidine digluconate, 0.02%; voriconazole, 1.0%; and hexamidine diisethioonate, 0.1%) against 15 Acanthamoeba isolates based on a 100% amoebicidal effect over a 3-day incubation period. It is expected that the steady state concentration of the drug with Acanthamoeba cysts would result in completely killing the Acanthamoeba species, thus indicating effective activity. If not, this would suggest that a drug may not be optimal for topical therapy, as in the treatment of keratitis.
Methods

Acanthamoeba Isolates
The in vitro susceptibility test was evaluated with 1 isolate of Acanthamoeba castellanii (strain 30010 purchased from American Type Culture Collection) and 14 de-identified Acanthamoeba strains isolated from the corneas of patients with Acanthamoeba keratitis. The isolates were maintained at 4°C to 6°C on nonnutrient agar standard (80-mm) plates (Difco Agar Noble, reference 214230; Becton, Dickinson and Company) overlaid with Enterobacter aerogenes. Fifteen isolates were tested to determine whether there was variability in drug testing.
Enterobacter aerogenes
Enterobacter aerogenes (strain 35028 purchased from American Type Culture Collection) was the food source for propagating Acanthamoeba in culture. This bacterium has been a mainstay for processing corneal specimens for Acanthamoeba growth in our clinical laboratory. The E aerogenes was grown for 24 hours on trypticase soy agar supplemented with 5% sheep red blood cells at 37°C. (Personal experience [R.P.K.] has determined that 24-hour growth was less likely to cause bacterial aggregates that can be mistakenly identified as Acanthamoeba.) The plate was inoculated as directed for disk diffusion susceptibility by streaking with a soft-tipped applicator for 3 passes over one-third of the plate. The inoculum was created from very turbid suspension (slurry) or from another agar plate. A slurry was produced by collecting one-half of the 24-hour E aerogenes growth and suspending it in 5 mL of saline (0.5% wt/vol) (API, bioMérieux).
Anti-Acanthamoeba Drugs
The in vitro testing was evaluated with 4 anti-Acanthamoeba drug preparations commonly used for the treatment of Acanthamoeba keratitis: (1) 
Anti-Acanthamoeba In Vitro Testing Protocol
For each Acanthamoeba isolate (inoculum), we used the following protocol: (1) A munificent sample of stock Acanthamoeba was inoculated on 2 nonnutrient agar plates with E aerogenes overlay by use of a soft-tipped applicator. (2) The 2 inoculated plates were allowed to incubate at 30°C for 7 days to accumulate Acanthamoeba cysts. (3) On day 7, Acanthamoeba cysts were harvested into 1.0 mL of saline by use of a softtipped applicator. The nonnutrient agar surface was swiped many times with a moistened soft-tipped applicator to reach a maximal concentration of Acanthamoeba cysts in the 1.0 mL of saline. (4) The concentration of Acanthamoeba cysts (cysts per milliliter) was determined with a microscope at ×20 magnification using a hemacytometer. The maximum concentration of Acanthamoeba cysts collected in this manner was approximately 1 to 3 × 10 6 cysts/mL. (5) In vitro testing was performed at 3 time periods: 24, 48, and 72 hours.
24-Hour Testing
First, for each isolate, 0.1 mL of Acanthamoeba inoculum was pipetted into 0.5 mL each of PHMB, 0.02%; chlorhexidine digluconate, 0.02%; voriconazole, 1.0%; hexamidine diisethioonate, 0.1%; and saline, respectively. Second, the inoculated drugs and saline solution were allowed to incubate at 37°C in an air incubator for 24 hours. Third, at 24 hours, 0.05 mL of the inoculated drugs and the saline solution were plated on nonnutrient agar overlaid with E aerogenes using a glass rod to disperse the drug. This prevented a concentrated amount of drug to inhibit bacterial growth. The overlay was prepared by spreading 0.3 mL of the E aerogenes slurry on a nonnutrient agar with a soft-tipped applicator. The plates were incubated at 30°C in an air incubator. After another 24 hours, a second overlay of E aerogenes was administered to ensure the food source was available to the Acanthamoeba without any effect of residual drug. Fourth, all plates were monitored for the robust growth of Acanthamoeba resulting in a mixture of sparse trophozoites and predominant cysts at days 7 and 14. Robust growth at day 7 terminated testing with a positive result. Fifth, at day 14 (plates observed for the lack of robust growth), all plates were vigorously subcultured with a soft-tipped applicator onto fresh
48-and 72-Hour Testing
Testing at 48 hours was the same as at 24 hours, except for the second step, whereas the inoculated drugs and saline solution were allowed to incubate at 37°C in an air incubator for 48 hours. Testing at 72 hours was the same as at 24 and 48 hours, except for the second step, whereas the inoculated drugs and saline solution were allowed to incubate at 37°C in an air incubator for 72 hours.
Statistical Analysis
The hours. All data are included in the analysis. The "kill" incidence rate of Acanthamoeba over each of the 3 time points was analyzed with the Fisher exact test (www .langsrud.com/fisher.htm). Any incidence of positive growth over the 3 time points was considered survival and not a kill. For example, Acanthamoeba survival at 24 hours, but not at 48 and 72 hours, was not considered an incidence of a kill. Negative growth at all 3 time points was denoted as a kill.
Results
Our Table details the descriptive statistics of 15 Acanthamoeba isolates' survival after exposure to common antiAcanthamoeba drugs. The nonparametric statistical analysis of graded growth data determined that the median growth scores of hexamidine diisethioonate (0.0), PHMB (0.0), and chlorhexidine digluconate (1.0) were less than those of voriconazole (2.0) and saline (3.0) (P = .001, determined by use of the Mood median test). The median growth score of hexamidine diisethioonate was equivalent to that of PHMB (P = .99, determined by use of the Mann-Whitney test); however, both of these scores were lower than that of chlorhexidine digluconate (P = .04, determined by use of the Mann-Whitney test). The median growth score of chlorhexidine digluconate was lower than that of voriconazole (P = .02, determined by use of the Mann-Whitney test). In brief, in vitro testing determined that antiacanthamoebal efficacy was more prominent for hexamidine diisethioonate and PHMB than for chlorhexidine digluconate, voriconazole, and saline.
The kill incidence rate of PHMB (80% [12 of 15 isolates]) was equivalent (P = .60, determined by use of the Fisher exact test) to that of hexamidine diisethioonate (93% [14 of 15 isolates]). The kill incidence rate of chlorhexidine digluconate (40% [6 of 15 isolates]) was less than that of hexamidine diisethioonate (P = .005, determined by use of the Fisher exact test) but equivalent to that of PHMB (P = .06, determined by use of the Fisher exact test). The kill incidence rate of chlorhexidine digluconate was equivalent (P = .21, determined by use of the Fisher exact test) to that of voriconazole (13% [2 of 15 isolates]) but greater (P = .02, determined by use of the Fisher exact test) than that of saline (0% [0 of 15 isolates]). The kill incidence rate of voriconazole was equivalent to that of saline (P = .48, determined by use of the Fisher exact test). The analysis of the kill incidence data supported the results of the analysis of the graded growth data.
Discussion
The foremost purpose of an in vitro susceptibility assay is to guide the antimicrobial therapy for infectious disease. The most efficient in vitro susceptibility testing would correlate directly with in vivo results. In general, antibacterial in vitro testing has been successfully correlated with in vivo outcome in the systemic treatment of bacterial infections.
11 Limited correlation has been realized in the treatment of some fungal infections. 12 There are no antimicrobial susceptibility standards for assessing topical therapy, but the systemic standards for assessing bacterial susceptibility to antibiotics can be used, if the assumption that the antibiotic concentrations in the ocular tissues are equal to or greater than the antibiotic concentrations in the serum. This assumption has worked well in the topical treatment of ocular bacterial infections. 13 As stated earlier, there is no standard in vitro susceptibility method to test anti-Acanthamoeba drugs. 9, 10 The ophthalmic field will need to rely on the tentative methods designed by us and presented in our study. [14] [15] [16] [17] [18] The in vitro method is an extension of the routine Acanthamoeba culture used in clinical laboratory studies, which is practical and simple 19 (http://eyemicrobiology.upmc.com/acanthamoebae.htm). The Determined over 3 time points; any incidence of positive growth over the 3 time points was considered survival and not a kill. Negative growth at all 3 time points was denoted as a kill.
of bacteria was E aerogenes, which we favored over Escherichia coli. Creating a consistent E aerogenes and Acanthamoeba inoculum was no problem. Saline was an appropriate positive growth control, and PHMB demonstrated amoebicidal activity and was inexpensive as an effective treatment control. With nonparametric analysis, we were able to demonstrate a separation of activity between the saline solution (ie, the control) and the test drugs. At this time, our method is tentative and open to possible refinement. As in other methods, [16] [17] [18] the in vitro data cannot be correlated with the critical management of acute Acanthamoeba keratitis, which relies on other factors such as drug penetration, dosing schedule, innate immunity, virulence factors, adjunctive measures, and patient compliance. Our main assumption is that if Acanthamoeba survive a steady state direct contact with a drug for 72 hours, then the drug probably is not optimal for topical therapy. Our data demonstrate a need for an animal model to test topical drugs that penetrate the cornea and kill Acanthamoeba organisms.
In conclusion, we developed an in vitro susceptibility test, based on 100% kill incidence rate, to test the efficacy of antiAcanthamoeba drugs to eradicate Acanthamoeba cysts. Our in vitro testing determined that antiacanthamoebal efficacy was more prominent for hexamidine diisethioonate and PHMB than for chlorhexidine digluconate and voriconazole. Our data differ from data by others who found chlorhexidine digluconate to be more effective. 18 Testing with our assay may have had a more stringent end point with the demonstration of a 100% kill incidence rate. Our method represents an unmet need to test anti-Acanthamoeba drugs for therapy, to screen new drugs, and to test contact lens solutions.
